Abstract-We demonstrate the growth of homojunction GaInP solar cells by dynamic hydride vapor phase epitaxy for the first time. Simple unpassivated n-on-p structures grown in an inverted configuration with gold back reflectors were analyzed. Short wavelength performance varied strongly with emitter thickness, since collection in the emitter was limited by the lack of surface passivation. Collection in the base increased strongly with decreasing doping density, in the range 1 × 10 16 −5 × 10 17 cm −3 . Optical modeling indicated that, in our best device, doped ∼1 × 10 16 cm −3 , almost 94% of photons that passed through the emitter were collected. Modeling also indicated that the majority of collection occurs in the depletion region with this design, suggesting that nonradiative recombination there might limit device performance. In agreement with this observation, the experimental dark J-V curve exhibited an ideality factor near n = 2. Thus, limitation of deep level carrier traps in the material is a path to improved performance. Preliminary experiments indicate that a reduced V/III ratio, which potentially affects the density of these presumed traps, improves cell performance. With reduced V/III ratio, we demonstrate a ∼13% efficient GaInP cell measured under the 1-sun AM1.5G spectrum. This cell had an antireflective coating, but no front surface passivation.
deposited by HVPE, with 23.8% efficient single-junction GaAs devices and 18.7% efficient GaInAsP cells with a band gap of ∼1.7 eV [2]- [5] . Our custom reactor design [6] , which contains two growth chambers between which the substrate can be transferred dynamically, is key to the development of these cells. This design overcomes potential difficulties such as the deposition of different materials, for example arsenides and phosphides, in a single growth, and the formation of abrupt interfaces at high growth rates [7] , [8] .
High photovoltaic (PV) conversion efficiency is important for distributed applications such as rooftop PVs, space power, unmanned aerial vehicles, and portable power. High efficiency (at low cost) could also one day enable the competitiveness of III-V PV on a utility scale by limiting the impact of soft costs on the levelized cost of energy [9] . The GaInP/GaAs tandem cell offers the highest performance in a monolithically grown twojunction solar cell, with a demonstrated efficiency of 31.6% at one sun [10] . We previously showed the use of GaInP as passivation layers to boost the efficiency of HVPE-grown GaAs solar cells [8] , but the development of a GaInP top cell would enable a high efficiency, all HVPE-grown GaInP/GaAs tandem with reduced cost.
In this work, we build upon our development of GaInP cladding layers, growing and characterizing thick GaInP layers by HVPE, and then incorporating them in simple GaInP p-n junction solar cell designs. The effect of cell parameters such as emitter thickness and base doping on cell performance is discussed. Optical modeling is performed to understand the performance of the devices in context of the ultimate limit of this specific design. The effect of growth conditions on carrier collection is also explored, and a 12.8% efficient device is achieved by employing a reduced V/III ratio. Pathways for improving future performance are identified.
II. EXPERIMENTAL
All materials were grown in our custom dynamic HVPE reactor detailed in [6] . Metal chlorides, which serve as the group III transport agents, were generated in situ through the reaction of HCl gas with pure Ga and In sources. PH 3 and AsH 3 were used to supply the group V components. n-type doping was achieved through the use of a 500 ppm H 2 Se in H 2 mixture, and p-type doping was achieved by flowing H 2 through a diethylzinc bubbler. Total flow of H 2 , which served as the carrier gas, was 5175 sccm during GaInP layer growth and 10 000 sccm during GaAs layer growth. The source temperature, where the boats containing the group III metals reside, was 800°C, and the 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. deposition temperature was 650°C. The V/III flow ratio during GaInP growth was fixed at 4 unless otherwise noted. The reactor pressure was ∼1 atm for all growths. Layer thicknesses were measured by stylus profilometry and growth rate was calculated from the known growth time. High-resolution (004) x-ray diffraction (XRD) was employed to determine the GaInP lattice constant. Cross-sectional transmission electron microscopy (TEM) was performed on a select GaInP sample. A TEM foil was prepared from an HVPE-grown sample using a focused ion beam and thinned using a nanomill. TEM was performed with a field emission scanning-TEM operating at an accelerating voltage of 200 keV. All solar cells were grown in an inverted manner on Si-doped, n+ (100) GaAs substrates with a 4°miscut toward the (111)B plane. Fig. 1 presents the device structure. All devices in this study lack a front surface passivation layer, due to system constraints preventing the growth of Al-containing compounds in our specific HVPE reactor. This is not a limitation of HVPE, however [11] , [12] . A 0.1 µm GaAs buffer was grown first to bury any surface contamination, followed by a 0.25 µm GaInP etch stop. Note that these layers are etched away during processing and do not appear in Fig. 1 . The remaining layers are shown in the figure, grown in order from top to bottom. The GaInP back contact layer was doped ∼5 × 10 18 cm −3 , and was intended to serve as a back surface field (BSF) in lieu of a heterojunction BSF. Base doping and emitter thickness were varied between ∼1 × 10 16 − 5 × 10 17 cm −3 and 20-50 nm, respectively. The growth rate of the base layer was between 0.4 and 0.5 µm/min. Base doping density was measured by standard capacitance voltage (C-V) techniques. In an inverted configuration, 25 mm 2 devices were processed with the substrate removed, as in [13] . External quantum efficiency (EQE) and surface reflectivity were measured on a custom-built instrument and used to calculate internal quantum efficiency (IQE). Light current density-voltage (J-V) curves were measured under a simulated AM1.5G spectrum.
III. RESULTS AND DISCUSSION

A. Bulk Material Characterization
A series of growths was conducted to establish the GaInP growth rate. Fig. 2 plots the growth rate as a function of HCl input to the Ga source, HCl(Ga). The PH 3 flow for these samples was fixed at 50 sccm, except for the sample grown with 1.2 sccm of HCl(Ga), which was grown with 30 sccm of PH 3 . The HCl(In) flow is noted near each data point. Note that some of the films were not lattice matched, but are close enough to lattice matched to demonstrate the effect of HCl(Ga) on growth rate. Increasing the flow rate from 1.1 to 1.4 sccm led to an 80% increase in growth rate, up to 0.45 µm/min. We point out that this is not an upper limit because growth rate was not maximized in this study. Roughly 10:1 HCl(In):HCl(Ga) is required in the vapor to achieve a lattice matched GaInP composition in the film at 650°C. This is likely an indication that the conversion of HCl to InCl in our source did not reach completion, due to the relatively slow kinetics of that reaction [14] . Incomplete source conversion reduces the In concentration in the film in two ways: 1) through reduced transport of InCl to the substrate, and 2) through increased transport of unreacted HCl to the growth surface. The presence of unreacted HCl drives the reverse reaction, etching of GaInP to form GaCl, InCl, and P x [15] . Etching of InP proceeds much faster than GaP, however, because the enthalpy of formation of GaP is much larger (more negative) than that of InP [16] , resulting in Ga enrichment of the film. A similar dependence of the In:Ga ratio in the film on the HCl concentration in the vapor was observed in the growth of Ga x In 1−x As by HVPE [17] . The growth rate was not strongly affected by the HCl(In) flow rate for this reason, but this parameter was used to finely tune the lattice constant. An optimized source design will permit the use of a lower HCl(In):HCl(Ga) ratio in the future.
The XRD pattern of an inverted cell with the structure of Fig. 1 (before substrate removal) grown with 1.3 sccm of HCl(Ga) and 11.3 sccm of HCl(In) is shown in Fig. 3 . The separation between the substrate and GaInP peaks is only 50 arcsec, indicating close lattice matching. Pendellosung fringes are present on both sides of the substrate peak, indicating that the epilayers are flat and parallel. We performed TEM on a different sample consisting of a 1.2 µm thick GaInP layer grown on a 0.5 µm thick GaAs buffer layer to assess the quality of the hetero-interface. Fig. 4 shows an image of the interface, which is highlighted by the red arrows, as well as an enlarged section of the image in the bottom of the figure to better see the atomic columns near the interface. The difference in grayscale between the two layers is due to Z-contrast. This interface was formed through a rapid mechanical transfer of the substrate between adjacent growth chambers in our dynamic HVPE reactor, which were set up for GaAs and GaInP growths, respectively. There is no visible contamination at the interface, and no interruption of atomic registry across the interface, indicating that the GaInP lattice is coherent with that of the GaAs substrate. No dislocations were observed in the foil.
B. Effect of Emitter Thickness
In the device structure presented in Fig. 1 , the emitter is ideally thin due to the lack of a surface passivating window layer. Any photons absorbed in the emitter have a high likelihood of being lost to surface recombination due to surface dangling bonds or to bulk recombination due to the short diffusion length of holes in the highly doped emitter. In essence, the emitter acts as a passivation layer for the absorbing base, with the goal being to allow as much radiation to pass through to the base as possible. The emitter doping must be relatively high in order to sustain a thin emitter that is not entirely depleted. Minimization of absorption loss in the emitter will allow us to more fully understand the effect of device parameters on the base layer, even though this structure is not the expected final embodiment, which will contain surface passivation.
We grew a series of GaInP solar cells with varying emitter thicknesses to test the effect of that parameter on carrier collection. The emitter was n-type doped ∼5 × 10 18 cm −3 with Se and the base was doped ∼4-5 × 10 17 cm −3 with Zn. The emitter thickness was varied between 20 and 50 nm. The IQE of this series of devices is presented in Fig. 5 . As expected, the emitter thickness had a strong effect on collection at short wavelengths. At a wavelength of 400 nm, for example, decreasing the emitter thickness from 50 to 30 nm increased the IQE from 0.30 to 0.43. Decreasing the emitter thickness to 20 nm led to a slight improvement in short wavelength collection, but the overall effect was small. Below 20 nm, it was difficult to obtain rectifying devices, likely due to carrier depletion of the entire emitter thickness. Going forward, we employed an emitter thickness of 30 nm.
C. Effect of Base Doping
We grew another series of GaInP solar cells in which the base doping was varied in the range of 1. with a constant emitter thickness and doping. Note that one cell was grown with a lower V/III ratio than the others. Fig. 6 shows the IQE of these devices. Long wavelength collection increased strongly as the doping density decreased, implying that the diffusion length was significantly below the 1 µm base thickness at the higher doping levels. Even with a doping density of 1.8 × 10 16 cm −3 , the maximum in IQE was still below 0.8, implying additional room for improvement in diffusion length (assuming that back surface recombination is not limiting). We also grew a cell with reduced V/III ratio in an attempt to understand the effect of growth conditions on material quality (HB380). This cell has a doping level almost identical to that of HB253, but has significantly improved carrier collection at almost all wavelengths, and a maximum IQE of 0.95, indicating that the material quality is significantly improved. One possibility, which will be discussed in further detail in the next section, is that the concentration of intrinsic deep level traps decreased.
D. Device Modeling and Analysis
Optical modeling was performed to permit evaluation of the device performance relative to the ultimate level possible with this specific design. Determination of the absorption distribution throughout the structure allows us to calculate the maximum IQE possible in each region of the device, yielding a benchmark against which to compare experimental data. Using n and k data measured for disordered, MOVPE GaInP (E g = 1.89 eV), we calculated the absorption in the emitter, depletion region, and undepleted base as a function of wavelength using parameters for our best device (HB318) and converted this to IQE. The n and k data were red-shifted by 0.025 eV to match the band gap of the cell. This solar cell was grown with V/III = 2, had a 30 nm thick emitter with doping n = 5 × 10 18 cm −3 , and had a 1.2 µm thick base with p = 1.0 × 10 16 cm −3 . A twolayer MgF 2 /ZnS antireflective coating was evaporated onto the cell after device processing. The depletion approximation was applied to determine the width of the depletion region (∼480 nm), allowing calculation of absorption there. Fig. 7 shows the IQE of this device (markers) along with the absorption in the depletion region (red curve) and undepleted base (blue curve) as determined from the optical modeling. The absorption in the emitter is highlighted as the crosshatched area. The short wavelength boundary of this area overlaps closely with the experimentally measured IQE of HB318, implying that the emitter is not contributing to carrier collection. This is reasonable given the extremely high surface recombination velocity expected for the unpassivated surface and low diffusion length expected for the high emitter doping.
It is clear when comparing the experimental IQE to the solid black curve, which is the maximum obtainable IQE for photons passed to the base in this structure, that a large majority of photons that reach the base are collected. Integration of the AM1.5G spectrum with the modeled IQE (black curve) and the experimental IQE yields values of 14.2 and 13.4 mA/cm −2 , respectively. Thus, ∼ 94% of the photons absorbed in the depletion region and base are collected. Fig. 8 shows the light J-V The difference between J SC and the current calculated from the integrated IQE is attributed to surface reflection. The fill factor (FF) was 79.3% and the overall efficiency was 12.8%.The band gap was determined to be 1.859 eV from EQE, yielding W OC = E g /q − V OC = 0.588 V. This value is elevated due to the lack of surface passivation, though room for improvement of the bulk material quality also remains.
Modeling demonstrates that the majority of the photons are absorbed in the depletion region, which penetrates almost entirely into the base given the highly unbalanced doping levels employed between the base and the emitter. Therefore, the dark current should be dominated by Shockley-Read-Hall (SRH) recombination at deep traps in that region. The dark J-V for this cell, shown in Fig. 9 , exhibits an ideality factor n ∼ 2, consistent with an SRH recombination mechanism (although we cannot rule out perimeter recombination as a cause). This ideality factor is similar to that of MOVPE-grown cells employing a similar front junction design and doping scheme [18] . n = 2 behavior in those cells was also attributed to trap recombination in the depletion region. Thus, a reduction of deep level defects, which will reduce the dark current and drive gains in both V OC and FF, is likely critical to improving HVPE cell efficiency. Furthermore, reduction of deep level defects will also improve bulk diffusion length and allow higher base doping levels to be employed. The depletion width would be suppressed in that case, reducing the dark current further. Future efforts will be directed toward understanding the relationships between the growth conditions and deep level defect density in HVPE-grown GaInP, because they are largely not understood. As shown in Fig. 6 , preliminary efforts at changing the V/III ratio, which is commonly known to affect deep level defect density in HVPE [19] and MOVPE [20] GaAs, have already yielded an improvement in device performance. Deeper understanding of the relationships between growth conditions and deep level defects will allow for the development of higher efficiency devices.
IV. CONCLUSION
We demonstrated the growth of GaInP solar cells by HVPE for the first time. Growth rates of nearly 0.5 µm/min were achieved, with potential for even higher rates. We demonstrated lattice matched layers free of extended defects, with abrupt heterointerfaces generated by our dynamic HVPE reactor design. Devices without front surface passivation but with antireflective coating were developed, reaching efficiencies of up to 12.8%. QE modeling indicated that 94% of photons passed through to the base were collected, aided by the presence of a gold back reflector. The majority of absorption occurred in the depletion region and dark current was likely dominated by SRH recombination in this region leading to an n ∼ 2 ideality factor. Going forward, reduction of deep level defects in this material will be key to improving efficiency through increased V OC and FF.
